Softening and erosion of cartilage, the characteristic early lesions of osteoarthritis, occur in sites of decreased chondroitin sulfate concentration. The role of aging and the specific biochemical events that produce this alteration in glycosaminoglycan composition have been under study in several laboratories. Collins and McElligott found increased radiosulfate fixation in these lesions compared with normal articular cartilage from the same individuals, suggesting increased synthesis of polysaccharide (1). These observations indicated an increased turnover of chondroitin sulfate in osteoarthritic cartilage lesions, and attention has become focused on the mechanism responsible for breakdown of this glycosaminoglycan.
Softening and erosion of cartilage, the characteristic early lesions of osteoarthritis, occur in sites of decreased chondroitin sulfate concentration. The role of aging and the specific biochemical events that produce this alteration in glycosaminoglycan composition have been under study in several laboratories. Collins and McElligott found increased radiosulfate fixation in these lesions compared with normal articular cartilage from the same individuals, suggesting increased synthesis of polysaccharide (1) . These observations indicated an increased turnover of chondroitin sulfate in osteoarthritic cartilage lesions, and attention has become focused on the mechanism responsible for breakdown of this glycosaminoglycan.
As reported previously (2) , when the cartilage proteinpolysaccharide complex was extracted from human articular cartilage obtained at autopsy, a decrease in the concentration of chondroitin sulfate but not protein was found in the areas of erosion. This observation pointed to a specific breakdown of the glycosaminoglycan, since proteolysis might be expected to cause removal of both components such as occurs after papain injection into rabbits (3) . An enzyme resembling testicular hyaluronidase could be responsible, but reports of the presence of hyaluronidase in tissues other than testis were unconvincing or unconfirmed. A reevaluation of the tissue distribution of this enzyme resulted in the finding of an enzyme with most of the characteristics of testicular hyaluronidase in * Submitted for publication August 3, 1965 (8) . One could, therefore, predict that proteolysis would release part of the protein and associated polysaccharide from the molecule, but the chondroitin sulfate remaining would be qualitatively unchanged. On the other hand, hyaluronidase would specifically attack and degrade the chondroitin sulfate chains, leaving behind polysaccharide of lower average chain length in the zones of decreased chondroitin sulfate concentration. In addition, keratan sulfate is probably attached to the same or a similar protein core; hyaluronidase, which does not digest keratan sulfate, would cause loss of only the chondroitin sulfate, whereas protease would cause both glycosaminoglycans to be lost from the cartilage matrix. Similar glycoproteins, which are also present in cartilage matrix, are not affected by hyaluronidase. This paper reports studies of the chain length of chondroitin sulfate and the relative concentrations of chondroitin sulfate and neutral sugar in keratan sulfate and glycoprotein in human osteoarthritic and normal articular cartilage; in addition, we studied the synthesis of chondroitin sulfate in these lesions by cartilage samples in vitro and determined their water and ash content. We also analyzed the influence of 1170 age on these components in normal articular cartilage.
Methods
Human articular cartilage was obtained from the knee at autopsy, using a scalpel blade to cut as deeply as possible without removing underlying bone. Samples were removed from the posterior surface of the patella or from the condyles and patellar groove of the femur; abnormal areas were excised with care not to include surrounding normal zones. Both normal and abnormal samples were usually obtainable from the same joint. An attempt was made to grade the degree of abnormality from the gross findings, as described previously (2) . The Each precipitate was dissolved in 4 ml of water, and portions were used for determination of uronic acid with the carbazole method of Dische (9) and hexosamine by the method of Neuhaus and Letzring (10) . Chondroitin sulfate chain length was determined by the procedure of Partridge, Davis, and Adair (11) , which gives a number average molecular weight; reducing sugar determinations were done by the method of Somogyi (12) The in vitro synthesis of polysaccharide was studied using cartilage samples placed in ice immediately after removal at autopsy; finely diced samples weighing a total of 100 mg were incubated in Tyrode's solution containing 'SO4 or acetate-'4C, 5 ,uc per ml, at 370 C for 2i hours, then washed five times with 0.15 M saline and incubated overnight with trypsin as described above. Precipitates were prepared at various ethanol concentrations, washed, dissolved in water, and analyzed for uronic acid and radioactivity by liquid scintillation spectrometry. Before 'S was counted, samples were hydrolyzed with 0.1 M sodium sulfate and 6 N HCl for 4 hours at 1000 C. Specific activities were determined on the basis of the concentration of uronic acid, which implies that the molar ratio of sulfur and acetate to uronic acid was 1.0.
To determine the water content, diced cartilage samples of approximately 50 mg were weighed and dried in acetone for 18 to 24 hours and heated at 600 C for an additional 18 to 24 hours; no further weight loss was obtained by additional heating. The dried samples were weighed on a Kahn electrobalance to ± 0.01 mg and placed in a muffle furnace at 1,0000 F for 48 hours in weighed pieces of aluminum foil in crucibles. Additional heating at this temperature caused no further loss of weight. After it had reached room temperature in a desiccator over calcium chloride, the ash was weighed on an electrobalance.
Concentrations are given on a wet weight basis except for ash weights, which were determined as per cent of dry weight. Figures in tables and text are means plus or minus standard errors; p values, calculated using the t test, are for differences from the normal samples except where indicated.
Results
Concentration of chondroitin sulfate. As in previous studies (2) , the concentration of chondroitin sulfate was decreased in the samples considered abnormal at autopsy (Tables I and II) . A good correlation was observed between the gross estimate of the severity of the osteoarthritis and the decrease in chondroitin sulfate concentration. In view of this, to obtain greater objectivity in dividing samples into minimal and advanced osteoarthritis for statistical calculations, we decided to use the chondroitin sulfate concentration as the basis for division. Of the samples considered abnormal at the time of autopsy, those with a concentration below 534 mg per 100 ml chondroitin sulfate (200 mg per 100 ml as uronic acid) were classified as advanced disease. A final decision whether or not early osteoarthritic change was present was postponed at the time of autopsy in a few instances because of uncertainty concern- ethanol precipitate contained the most neutral sugar and was virtually devoid of uronic acid. On testing the 75% ethanol fraction, no reducing sugar activity was detected with or without prior treatment with sodium hydroxide while using neutral sugar (keratan sulfate plus glycoprotein) concentrations considerably higher than were present in the 40%o ethanol fractions used for chain length determination. The molar ratio of hexosamine to uronic acid was essentially the same in the 40% ethanol precipitates from the normal and abnormal specimens, indicating no greater degree of contamination in the abnormal. No correlation was found between the value found for chain length and the ratio of hexosamine to uronic acid. It seems unlikely, therefore, that contamination affected the reducing sugar values.
As a further check on the possible presence of contaminating reducing sugar, several samples were incubated with bovine testicular hyaluronidase,3 1 mg per ml in 0.5 M acetate buffer, for up to 48 hours at 370 C, and the chain length determination was repeated. The chain lengths found were never below the theoretical value for tetrasaccharide, ranging between 1,000 and 1,500; if contaminating reducing sugar was present, a lower apparent molecular weight should have been obtained. As a standard for comparison, a chain length determination was performed on pure tetrasaccharide 4; a value of 946 was found, which is close to the theoretical one. Neutral sugar. The concentration of neutral sugar, as galactose, in the ethanol-precipitated fractions was decreased in the osteoarthritic cartilage samples, although the samples showing minimal osteoarthritis were not significantly different from normal (Table II) . The decrease in keratan sulfate plus glycoprotein concentration, therefore, was not so great as the fall in chondroitin sulfate concentration. As a result, the ratio of chondroitin sulfate to neutral sugar was considerably lower in the abnormal samples; as the severity of osteoarthritis increased, the ratio of chondroitin sulfate to neutral sugar fell, indicating proportionately greater loss of chondroitin sulfate than of the components containing neutral sugar.
In vitro uptake of 35S04 and acetate-14C. Cartilage samples obtained at autopsy were incubated with labeled precursors to study the nature of the compounds synthesized. Previous reports of increased 35S uptake in osteoarthritic cartilage samples compared with normal areas from the same individuals were based on radioautography or counting digests of whole cartilage fragments washed after incubation (1). More convincing evidence that the label was actually incorporated into chondroitin sulfate was sought by separating the fractions obtained by ethanol precipitation. The incorporation of isotope into the chondroitin sulfate precipitated at 40%o ethanol was compared in normal and abnormal sites from the same knee joint. Presumably because of variations in time between death and autopsy, there were wide variations in total radioactivity incorporated into the chondroitin sulfate between individuals; however, comparison of normal to abnormal sites in each knee was possible. The specific activity of the chondroitin sulfate in the 40%v ethanol precipitate was considerably higher in the osteoarthritic samples compared with normal cartilage. On the basis of the weight of the cartilage samples incubated, there was no consistent relationship between the normal and abnormal sites. Only 20% of the abnormal samples showed higher incorporation of radiosulfate than the corresponding normal sites; there was no relationship between severity of the osteoarthritis, concentration of chondroitin sulfate, or age of the individual and the 35S findings (Table III) . Water and ash content (Table IV) . The water content of normal articular cartilage averaged 67.9%, whereas in osteoarthritic cartilage samples it averaged 74.8%o of the wet weight. The ash weights determined on the same cartilage samples showed no significant difference between normal and abnormal sites.
Influence of age. The normal cartilage samples from different individuals were compared on the basis of age; almost all the samples were from individuals between the ages of 30 and 80 years. In that age range, no trend was noted with increasing age for the concentration of chondroitin sulfate or of compounds containing neutral sugar, the ratio of chondroitin sulfate to these com- pounds, the chain length of the chondroitin sulfate, the water content, or the ash content of these normal cartilage samples (Figures 1 and 2 ). Discussion The decrease in average chain length of the chondroitin sulfate in osteoarthritic cartilage lesions and the decreased ratio of chondroitin sulfate to compounds containing neutral sugar (glycoprotein plus keratan sulfate) suggest a role of a depolymerase such as hyaluronidase in chondroitin sulfate degradation in these lesions. Alternatively, the decreased chain length might result from preferential synthesis of lower molecular weight chondroitin sulfate; an attempt to demonstrate this by separation of relatively low and relatively high molecular weight fractions on the basis of ethanol solubility showed a similar pattern of radiosulfate incorporation in normal and osteoarthritic cartilage samples. These results, however, cannot be considered conclusive, and the alternative explanation, preferential synthesis of lower molecular weight chondroitin sulfate, remains a possibility. In addition, it should be clearly pointed out that these findings in no way Although Collins and McElligott (1) reported increased radiosulfate uptake by osteoarthritic cartilage lesions, our data failed to show consistently increased incorporation into fractions containing chondroitin sulfate, on the basis of the weight of cartilage samples incubated. Increase in the specific activity of the radiosulfate or acetate-14C was virtually consistent, pointing to increased turnover of the chondroitin sulfate in the osteoarthritic lesions. These findings could have resulted from increased diffusion of isotope into abnormal samples, but this seems unlikely since the cartilage was carefully diced into the smallest size fragments obtainable to provide maximal surface area and to minimize this variable. The greater cellularity of osteoarthritic lesions (1, 2) could have been responsible for the increased 35S uptake; the data cannot be interpreted as showing increased synthesis per cell but, nevertheless, they do seem to indicate increased turnover in the lesions.
The finding of increased water content of osteoarthritic cartilage was unexpected in view of the decreased chondroitin sulfate concentration. A proportionality between polysaccharide concentration and water content is usually found in connective tissues, and the divergence in this instance is interesting particularly since the lower chain length of the chondroitin sulfate and the decreased ratio of chondroitin sulfate to protein (2) indicate that the residual protein polysaccharide in the osteoarthritic lesions is qualitatively altered.
The failure to find a change in concentration or qualitative nature of the polysaccharide with increasing age in articular cartilage is consonant with our earlier observations (2) , and in contrast to the findings of Kaplan and Meyer on costal cartilage (16) . The age ranges studied are limited to older adults; no statements can be made comparing children or young adults, but the age range observed includes the period of most frequent development and progression of osteoarthritis. Other studies of articular cartilage have revealed an absence of age dependent changes in the concentration of hexosamine (17) , total solids, percentage of extracellular and intracellular solids, total sulfate, and total potassium (18) , although an increase in intracellular water with a decrease in extracellular water was found in older age groups (18) . The failure to find significant biochemical changes in aged but normal articular cartilage and the focal distribution of the biochemical as well as pathological changes in this disease point to the need for studies of focal factors influencing metabolic phenomena in articular cartilage in analyzing the pathogenesis of osteoarthritis.
Summary
Osteoarthritic cartilage lesions show a decrease in chondroitin sulfate concentration and chain length and a decreased ratio of chondroitin sulfate to compounds containing neutral sugar, keratan sulfate plus glycoprotein. This is evidence for a role of a depolymerase such as hyaluronidase in the metabolic breakdown of chondroitin sulfate in these lesions.
In vitro incubation with 35SO4 and acetate-'4C results in an increased specific activity of the chondroitin sulfate in osteoarthritic cartilage lesions, indicating increased turnover of the polysaccharide compared to normal cartilage sites.
The water content of osteoarthritic cartilage is increased despite the decreased chondroitin sulfate concentration. The ash content of these lesions is not significantly altered.
Comparison of normal specimens from individuals ranging in age from 30 to 80 years revealed no influence of age on the concentration or chain length of chondroitin sulfate, the concentration of compounds containing neutral sugar, the water content, or the ash content of articular cartilage.
